Introduction {#s1}
============

Extensive liver resections are increasingly being performed for the treatment of both primary and metastatic liver tumors. The safety of major liver resection is contingent upon the anticipated remaining liver after resection, commonly described as the future liver remnant (FLR)^[@b1],[@b2]^. The FLR is a critical determinant associated with the risk of perioperative liver failure and death^[@b3]^. The ability to modulate the FLR is a key component of modern oncologic hepatobiliary surgery practice and has extended surgical candidacy for patients who may have been previously thought unable to survive liver resection. Multiple techniques have been developed to augment the FLR including portal vein embolization (PVE), associating liver partition and portal vein ligation (ALPPS), and the recently reported transhepatic liver venous deprivation (LVD)^[@b4]-[@b6]^.

PVE serves as a well-established means to improve the safety of liver resection by redirecting blood flow to the FLR in an effort to hypertrophy and ultimately improve functional reserve of the spared liver^[@b7]-[@b10]^. In appropriately selected patients, PVE can reduce perioperative morbidity and allow for safe, potentially curative hepatectomy for patients previously considered ineligible for resection based on anticipated small remnant livers^[@b8],[@b9],[@b11]-[@b18]^. For this patient subset, PVE is now utilized as the standard of care at many comprehensive hepatobiliary centers prior to major hepatectomy. This review will summarize the essential role of PVE as an adjunct to major hepatectomy, with focus on mechanisms, technique, and clinical outcomes.

Mechanisms of liver regeneration {#s2}
================================

The liver's unique ability to regenerate following injury or resection has been studied and documented for centuries. The liver's capacity to regenerate can be referenced as early as 750--700 B.C. in Hesiod's Theogony^[@b19]^. In the setting of either liver injury or resection, massive hepatocyte proliferation can occur resulting in recovery of functional liver mass within 2 weeks after loss of upwards of two-thirds of the liver^[@b20]^. This regenerative response is typically mediated by the proliferation of surviving hepatocytes within the acinar architecture of the remnant liver. This response results in hypertrophy of the remnant liver rather than restoration of the resected lobes^[@b20]^.

Regeneration of the liver is dependent on both the stimulus of injury and the condition of the liver parenchyma. Hepatocyte proliferation is proportional to the severity of the liver injury/resection; minor injuries (\< 10% parenchymal involvement) induce only localized mitotic reactions while major injuries (\> 50% parenchymal involvement) result in multiple mitotic waves throughout the entire liver^[@b19]^. Regeneration rates are dependent on the time from injury, with greatest rate of regeneration after PVE typically occurring within the first two weeks ([**Figure 1**](#Figure1){ref-type="fig"})^[@b21]^.

![Degree of hypertrophy of the sFLR over time after PVE with kinetics of FLR growth, plotted as median degree of hypertrophy after PVE (with interquartile ranges). The shaded zone, days 22-56 after PVE, represents the "plateau" period during which the degree of hypertrophy did not change significantly between measurement points. Used with permission from Ref.[@b21].](cbm-13-4-426-1){#Figure1}

Most information about the molecular and cellular events during liver regeneration comes from studies of partial hepatectomy in animal models^[@b19]^. Growth-factor stimulation in response to injury induces the production of cytokines and activates immediate response genes that signal hepatocytes for cell cycle progression and regeneration. Hepatocyte growth factor (HGF) is the most potent mitogen; other mitogens include transforming growth factor-α and epidermal growth factor. Insulin is synergistic with HGF and slower regeneration rates are seen in patients with diabetes^[@b22],[@b23]^. Extra-hepatic factors are transported primarily from the gut via the portal vein and not the hepatic artery^[@b24]-[@b27]^.

PVE redirects portal flow to the intended FLR in an attempt to initiate hypertrophy of the non-embolized segments. Portal blood flow to the non-embolized hepatic segments measured by Doppler sonography increases significantly and then falls to near-baseline values after 11 days. The resultant hypertrophy rate correlates with the portal flow rate^[@b28],[@b29]^. The predominant mechanism of cell death after PVE is cell-mediated apoptosis rather than necrosis observed after transarterial embolization (TAE)^[@b30]^. Direct correlation is observed clinically: compared to TAE, PVE is typically not associated with post-embolization syndrome, as characterized by nausea, fever, and pain.

Techniques for liver regeneration {#s3}
=================================

As early as 1990, Makuuchi et al.^[@b15]^ first reported on the utility of PVE in promoting future liver remnant hypertrophy prior to hepatic resection in 14 patients with hilar cholangio-carcinoma. Since that time, PVE has continued to gain traction as a well-established technique to hypertrophy the FLR. Although this review will focus on the topic of PVE, alternative techniques have recently been proposed to hypertrophy the FLR, including ALPPS and transhepatic LVD^[@b4]-[@b6]^.

ALPPS is a surgical technique of parenchymal dissection of the liver in combination with ligation of the right portal vein and portal branches to segment 4 staged prior to resection of the diseased liver. Schnitzbauer et al.^[@b31]^ first reported on the outcomes of ALPPS for patients with bilobar disease burden which would previously have been considered ineligible for surgery. These patients were made eligible for two stage hepatectomy with assistance of the ALPPS procedure. Proponents of ALPPS suggest that greater, more rapid liver hypertrophy occurs with the technique as compared to PVE^[@b6],[@b32]^. However, recent studies have raised concerns over increased morbidity and mortality associated with the procedure as compared to PVE; histologically the regenerative hepatocytes observed in ALPPS are immature as compared to those observed with PVE^[@b33]^. These findings suggest that though ALPPS is associated with greater absolute size of FLR, the size does not correlate with greater functional increase as compared to PVE. A meta-analysis comparing ALPPS *vs*. portal vein occlusion was recently performed by Eshmuminov et al.^[@b34]^. Data from 4, 352 patients pooled from 90 studies demonstrated that though ALPPS was associated with greater hypertrophy of the future liver remnant (76% *vs*. 37%; *P* \< 0.001) and completion of second stage hepatectomy (100%*vs*. 77%; *P* \< 0.001); ALPPS demonstrated trends towards higher morbidity (73% *vs*. 59%; *P* = 0.16) and mortality (14% *vs*. 7%; *P* = 0.19) as compared to PVE^[@b34]^.

Transhepatic LVD is in its infancy, and only limited reports are available to support its clinical adoption. Hwang et al.^[@b35],[@b36]^ first reported on a series of patients who initially underwent PVE with inadequate hypertrophy of the FLR, and then underwent subsequent hepatic vein embolization with improved hypertrophy that resulted in surgical candidacy. From their work, the concept of total venous deprivation was developed. In LVD, both portal and hepatic vein embolization is carried out during the same procedure. The potential benefit of LVD as compared to PVE is more massive and rapid hypertrophy, similar to ALPPS. Guiu et al.^[@b5]^ reported on a series of 7 patients who underwent LVD, with technical success achieved in all patients. FLR was reported to increase from 28.2% (22.4%--33.3%) to 40.9% (33.6%--59.3%%) over a 23-day period. Histologic evaluation of the resected liver after LVD demonstrated features similar to those expected for PVE, with the authors concluding that important atrophy was achieved. Greater clinical experience needs to be cumulated to define the role of LVD as compared to PVE to hypertrophy the FLR.

PVE technique {#s4}
=============

FLR volumetry and predicting liver function after PVE {#s4-1}
-----------------------------------------------------

PVE is only indicated when the anticipated FLR is insufficient to support hepatic function after liver resection. The presence or absence of underlying liver disease has a major impact on the volume of liver remnant needed for adequate function, hence baseline Child Pugh status is critical in predicting liver function (discussed in detail in the outcomes section). Accurate calculation of the FLR is essential for triaging appropriate hepactectomy candidates for which PVE is indicated. Liver volume is directly correlated with a patient's size; hence, normalizing the anticipated liver volume to a patient's size results in a more accurate assessment of the FLR^[@b10],[@b37]^. This principle led to the proposal and clinical validation of a standardized FLR (sFLR) by Vauthey et al.^[@b10]^ expressed as a ratio of the FLR over the total estimated functioning liver volume (TELV): sFLR=FLR/TELV.

Several methods have been used to measure TELV including those based upon body surface area (BSA), computed tomography (CT) volumetry, or body weight. Through the analysis of a Western population with normal livers, Vauthey et al.^[@b38],[@b39]^ derived the following formula for estimating TELV based upon BSA: TELV=-794.41 + 1, 267.28 × (BSA). This formula is commonly used in practice due to its relative accuracy and ease of obtaining measurements as compared to other techniques ([**Figure 2**](#Figure2){ref-type="fig"}). Alternative methods that have been used to measure TLV include CT volumetry and body weight. CT volumetry is accurate within ± 5% of estimating normal liver parenchymal volumes^[@b10],[@b40]^. However, determining TLV from CT volumetry can be tedious since measurements of the tumor volume must be performed and excluded from the overall liver volume. Ribero et al.^[@b41]^ identified a subset of patients for whom CT volumetry underestimated the risk of hepatic insufficiency, suggesting BSA as the more accurate method. However, a more recent study by Leung et al.^[@b42]^ demonstrated that measured volumetrics using CT volumetry with subtraction methods correlated with outcomes better than the estimated volumetrics using the BSA method; however their experience was reported from a single tertiary center.

![Hypertrophy of the FLR after PVE as determined by three-dimensional reconstruction of CT images. (A) Three-dimensional volumetric measurements are determined by outlining the hepatic segmental contours and then calculating the volumes from the surface measurements of each slice. (B) The formula for calculating total liver volume is based on the patient's body surface area. (C) Before embolization, the volume of segments 2 and 3 was 283 cm^3^, or 14% of the total liver volume (2, 036 cm^3^). After embolization, the volume of segments 2 and 4 was 440 cm^3^, or 21% of the total liver volume (a degree of hypertrophy of 7%). B was modified from Vauthey et al.^[@b39]^ and C was modified from Vauthey et al.^[@b10]^ with permission.](cbm-13-4-426-2){#Figure2}

Recent studies have expanded on alternative predictors of postoperative liver function in addition to FLR. Through the analysis of a series of 107 patients who underwent right PVE and subsequent resection, Shindoh et al.^[@b43]^ proposed the kinetic growth rate (defined as degree of hypertrophy at initial volume assessment divided by number of weeks elapsed after PVE) as a predictor of postoperative complications after hepatectomy as compared to the sFLR. The kinetic growth rate was found to be the most accurate predictor of postoperative hepatic insufficiency and mortality when compared to sFLR or degree of hypertrophy measurements using receiver operating characteristic analysis. Of the three measures, a kinetic growth rate cutoff value of \< 2.0%/week demonstrated the highest accuracy (81%) with sensitivity of 100% and specificity of 71% in predicting postoperative hepatic insufficiency ([**Figure 3**](#Figure3){ref-type="fig"}).

![Receiver operating characteristic curves for measured volume parameters in the prediction of postoperative hepatic insufficiency. Area under the curve (AUC) calculated for kinetic growth rate (KGR), degree of hypertrophy (DH), and sFLR. *P* values represent asymptotic significance (null hypothesis, AUC = 0.500). Modified with permission from Ref.^[@b43]^](cbm-13-4-426-3){#Figure3}

Several groups have begun investigating the effect of PVE on parameters of liver function in addition to liver volumetrics. Indocyanine green is a dye that binds to plasma proteins that is almost exclusively removed from the body by the liver via a carrier mediated mechanism^[@b44]^. As such, indocyanine green retention at fifteen minutes (ICGR15) serves as a surrogate quantitative measure of liver function and has been validated in clinical series to be helpful in prediction of post-surgical outcomes. ICGR15 is incorporated as a pivotal parameter in the seminal criteria for safe liver resection proposed by Makuuchi et al.^[@b45]^ in 1993. In a retrospective analysis by Mihara et al.^[@b46]^, indocyanine green plasma clearance rate (KICG) was incorporated with anticipated future liver remnant (FRLV): (KICG × FRLV)/total liver volume to create a new predictor of anticipated liver function (Krem) that correlated well with expected postoperative liver insufficiency in a series of 172 patients. Interestingly, a study by Meier et al.^[@b47]^ demonstrated that preoperative PVE positively influenced postoperative liver function independently from changes expected from increase in liver volume alone, suggesting that PVE not only increases the postoperative volume but also the functional capacity of the FLR. This result is congruent with the improved postoperative hepatic function outcomes associated with PVE as compared to ALPPS despite the smaller relative hypertrophy noted in the PVE as compared to ALPPS cohorts.

Approaches {#s4-2}
----------

PVE is performed to redirect portal blood flow toward the liver that remains after surgery (i.e. the FLR) to promote its hypertrophy prior to resection of the tumor bearing liver. To ensure adequate hypertrophy, embolization of portal branches must be as complete as possible so that recanalization of the occluded portal system is minimized. The entire portal system to be resected must be occluded to avoid the development of intrahepatic portoportal collaterals that may limit regeneration.

PVE is typically performed percutaneously and access gained to the portal venous system through several approaches. The most commonly performed technique is transhepatic portal access; either via the FLR (contralateral) or via the liver to be resected (ipsilateral) approaches. These approaches are chosen based on operator preference, type of hepatic resection planned, extent of embolization \[e.g., right PVE without or with extension to segment 4 (RPVE or RPVE + 4)\] and type of embolic agent used.

In the transhepatic contralateral approach, developed by Kinoshita et al.^[@b48]^, a branch of the left portal system (usually segment 3) is accessed, and the catheter is advanced into the right portal venous system for embolization ([**Figure 4**](#Figure4){ref-type="fig"}). The major advantage of this approach is that catheterization of the desired right portal vein branches is more direct via the left system than via the right, making the procedure technically easier. However, the disadvantage of this technique is the risk of injury to the FLR parenchyma and the left portal vein.

![Schematic representation of the contralateral approach. An occlusion balloon catheter is placed from the left lobe into right portal branch, with delivery of the embolic agent in the anterograde direction.](cbm-13-4-426-4){#Figure4}

In the transhepatic ipsilateral approach, first described by Nagino et al.^[@b49]^, a peripheral portal vein branch in the liver to be resected is accessed, through which the embolic material is administered ([**Figure 5**](#Figure5){ref-type="fig"}). Because Nagino's ipsilateral approach required the use of specialized catheters, modifications of the ipsilateral technique have been developed with standard angiographic catheters used for combined particulate and coil embolization ([**Figure 6**](#Figure6){ref-type="fig"})^[@b50]-[@b52]^. When right hepatectomy is planned, RPVE is performed ([**Figure 7**](#Figure7){ref-type="fig"}). One advantage of the ipsilateral approach is that the anticipated liver remnant is not instrumented. However, catheterization of the right portal vein branches may be more difficult because of severe angulations between right portal branches, necessitating the use of reverse-curved catheters. Another potential disadvantage of this approach is that some embolic material could be displaced upon catheter removal.

![Schematic representation of the ipsilateral approach for RPVE and segment 4 as described by Nagino et al.^[@b17]^. Different portions of the balloon catheter are used for antegrade embolization of segment 4 veins (A) and for retrograde delivery of the embolic agent into the right portal system (B).](cbm-13-4-426-5){#Figure5}

![Schematic representation shows modification of the ipsilateral technique for RPVE extended to segment 4. (A) Placement of a 6F vascular sheath into the right portal branch. An angled 5F catheter is placed into the left portal system with coaxial placement of a microcatheter into a segment 4 branch. Particulate embolization is performed, followed by placement of coils, until all the branches are occluded. (B) After segment 4 embolization is completely occluded, a 5F reverse-curve catheter is used for RPVE. (C) After PVE is complete, the access tract is embolized with coils and/or gelfoam to prevent subcapsular hemorrhage.](cbm-13-4-426-6){#Figure6}

![Transhepatic ipsilateral RPVE in an 87 year old male with two segment 7 colorectal metastases prior to right hepactectomy. (A) Axial contrast enhanced MRI demonstrating two colorectal metastases in segment 7 prior to RPVE. (B) Pre-embolization portogram demonstrates patent conventional portal anatomy. (C) Intra-procedural fluoroscopic image demonstrating reduction of segment 7 flow after embolization with tris-acryl microspheres and coils. (D) Post-embolization portogram shows complete occlusion of branches of the right portal vein and patency of the left portal vein. (E) A single image from post-PVE contrast-enhanced CT scan shows hypertrophy of the left liver. The FLR/TELV increased to 43%. (F) Axial contrast enhanced MRI status after right hepatectomy demonstrates hypertrophied left liver with no evidence of disease.](cbm-13-4-426-7){#Figure7}

The ipsilateral approach also allows operators to more readily perform segment 4 embolization without the sharp angulations encountered when trying to cannulate segment 4 from a contralateral approach. When two stage or extended right hepatectomy is planned, RPVE is extended to segment 4 (RPVE + 4) ([**Figure 8**](#Figure8){ref-type="fig"}). Ipsilateral RPVE ± 4 is performed after a 5- or 6F sheath is placed into a distal right portal vein branch. When RPVE + 4 is needed, segment 4 embolization is performed first so as to not manipulate catheters through previously embolized segments. A microcatheter is advanced coaxially through an angled catheter into the portal vein branches in segment 4 so that particulate embolics followed by coils can be delivered. Once segment 4 embolization is completed, a reverse-curve catheter is often needed for RPVE. After complete occlusion of the right portal vein, embolization of the access tract is performed with coils and/or gelfoam to reduce the risk of perihepatic hemorrhage at the puncture site.

![Transhepatic ipsilateral right PVE extended to segment 4 using tris-acryl particles and coils performed in a 48 year old male with cholangiocarcinoma involving segments 4 and 5. (A) Contrast-enhanced coronal CT image of the liver demonstrated an enhancing mass centered in segment 5 (black arrow) and the normal appearing left lateral liver (white arrow) prior to PVE. (B) Anteroposterior flush portogram obtained through a 5-F flush catheter within the main portal vein via ipsilateral approach demonstrates patent conventional portal anatomy. (C) Intraprocedural fluoroscopic image from PVE depicts coil placement into segment 4 branches via a microcatheter. (D) Final portogram shows occlusion of the portal vein branches to segments 4-8 with continued patency of the veins supplying the left lateral liver. (E) CT obtained after PVE demonstrates massive hypertrophy of the FLR (White arrow; Left lateral liver volume increased from 157 to 457 mL).](cbm-13-4-426-8){#Figure8}

Published complication rates between the contralateral *vs*. ipsilateral approaches are relatively similar. Di Stefano et al.^[@b53]^ reported on 188 patients who underwent contralateral approach PVE and found a 12.8% adverse event rate and only one major complication (complete portal vein thrombosis) directly related to the contralateral approach that precluded surgery. Ribero et al.^[@b21]^ reported on 112 patients who underwent ipsilateral approach PVE and found an 8.9% adverse event rate^[@b21]^. Accounting for the fact that Di Stefano et al.^[@b53]^ included clinically occult CT findings in their complications, the rates are comparable between the two studies. Kodama et al.^[@b54]^ compared complication rates between contralateral (*n* = 11) and ipsilateral approaches (*n* = 36) in a series of 47 patients who underwent PVE. Contralateral approach PVE was associated with an 18.1% complication rate as compared to 13.9% for ipsilateral PVE. Though the difference did not reach statistical significance, the authors recommended ipsilateral approach due to the potential for injury to the FLR during contralateral approach.

Additional approaches {#s4-3}
---------------------

A recent report by Sarwar et al.^[@b55]^ highlighted the use of trans-splenic approach access to the portal venous system in two patients whose tumor burden prohibited ipsilateral transhepatic access. Both patients underwent successful right portal vein embolization with a combination of microspheres and coils and subsequent extended right hepatectomy. No adverse bleeding events were noted. This approach is attractive as there is no potential for damage to the FLR from direct transhepatic access; however larger series are needed to ensure lack of bleeding complications from the splenic access.

PVE using a transjugular approach has been reported in a series of 15 patients^[@b56]^. In this approach, a right or left portal branch was punctured from a right, middle, or left hepatic vein and a catheter placed near the portal bifurcation through which embolization was performed using a mixture of n-butyl-2-cyanoacrylate (NBCA) and iodized oil. FLR hypertrophy was adequate, and right hepatectomy was performed in 12/15 patients with no PVE related complications.

PVE can also be performed via a transileocolic venous approach during laparotomy by direct cannulation of the ileocolic vein and advancement of a balloon catheter into the portal vein for embolization^[@b15]^. This approach is not commonly used in current practice as improvements in experience, imaging equipment, catheter systems, and embolic agents have led to greater use of minimally invasive approaches. The transileocolic venous approach necessitates general anesthesia and laparotomy, and is typically only performed when a percutaneous approach is not considered feasible or additional treatment is needed during the same surgical exploration^[@b57],[@b58]^.

Embolic agents {#s4-4}
--------------

A variety of materials and devices exist for embolization and some of these have been adapted for the portal system. Commonly reported agents include polyvinyl alcohol (PVA), gelfoam, fibrin glue, NBCA, polidocanol foam, microspheres, lipiodol, coils and Amplatzer plugs^[@b50],[@b59]-[@b62]^. An ideal material will provide permanent portal venous embolization that is safe and well tolerated by the patient^[@b8]^. The two agents most commonly discussed currently are NBCA and microspheres in combination with coils.

NBCA induces an inflammatory reaction resulting in peribilliary fibrosis and rates of liver regeneration are believed to be as good as or better than other embolic agents. In early studies, NBCA was shown to induce a larger FLR when compared coils and gelatin sponge and produce durable occlusion of greater than four weeks^[@b63],[@b64]^. Recently, Jaberi et al.^[@b65]^ also demonstrate increased hypertrophy with NBCA and Amplatzer Plug as compared to PVA and coils in their single institution retrospective series. However, plugs and coils were used earlier in the institution's experience, and overall surgical outcomes and complications were no different in the two groups.

Jaberi et al.^[@b65]^ also demonstrated decreased contrast utilization and fluoroscopy time in the NBCA and Amplatzer plug group as compared to PVA and coils. However, preparation and administration of NBCA requires expertise.^[@b63]^ Great care must be taken to prevent embolization of NBCA to non-target areas. As such, NBCA is routinely administered through a contralateral approach, and embolization is not routinely extended to segment 4 when using this agent. NBCA is delivered through an end hole angiographic catheter from second or third order portal branches to prevent non-target embolization. In addition, many groups advocate for the deployment of an Amplatzer plug to prevent backflow of glue^[@b61],[@b65]^. Straight catheters are preferred by some operators to prevent gluing of catheters into the liver.

Multiple studies have demonstrated the safety and effectiveness of small particle embolization of the liver with both PVA particles and microspheres^[@b50],[@b66]^. After catheterization of the portal system, embolization of distal small veins is performed with 100--300 micron particles. More proximal veins are embolized with larger particles with a goal of near stasis of flow or stasis. Coils are placed behind particles to prevent later particle dislodgement and recanalization, improving hypertrophy of the FLR. A study by Geisel et al.^[@b67]^ demonstrated superior FLR hypertrophy with reported percentage volume gain of (53.3 ± 34.5)% with the use of coils and plugs in combination with particles *vs*. (30.9 +/- 28.8)% with the use of particles alone (*P* = 0.002).

Extent of embolization {#s4-5}
----------------------

Extending right PVE to include segment 4 (RPVE + 4) prior to extended right hepatectomy has been supported by several studies^[@b68]-[@b71]^. Institutions with the capability to perform RPVE + 4 had statistically significant higher ratings for both likelihood of technical success and likelihood of subsequent hypertrophy as compared to those without in a multicenter survey of surgical preferences^[@b72]^. Possible benefits include improved hypertrophy of segments 2 + 3, embolization of the entire tumor bearing liver, and the reduction of potentially challenging surgical resections in the setting segment 4 hypertrophy^[@b69],[@b70]^. Kishi et al.^[@b70]^ compared patients who underwent RPVE (*n* = 15) *vs*. those that underwent RPVE + 4 (*n* = 58) and demonstrated statistically significant increases in both absolute volume and hypertrophy rate of segment 2 + 3 in the RPVE + 4 group. Mise et al.^[@b69]^ reported on the clinical utility of RPVE + 4 performed during two stage hepatectomy; they found that the dynamics of liver regeneration of segments 2 + 3 was impaired after RPVE alone but not RPVE + 4 after the first stage resection. The drawback of extension of embolization to segment 4 is the inadvertent reflux of embolic material to the FLR^[@b73],[@b74]^. Manipulation of the catheter to segment 4 to prevent inadvertent non-target embolization can be technically challenging.

Complications {#s5}
=============

Complications of PVE are similar to other image guided transhepatic procedures and include subscapular hematoma, hemoperitoneum, hemobilia, abscess formation, cholangitis and sepsis, arterioportal shunts, arterioportal fistula, and pneumothorax. In addition, PVE-specific complications include non-target embolization, recanalization of embolized segments, and extension of portal vein thrombosis to involve the left or main branches^[@b75]^. The Society of Interventional Radiology established quality improvement guidelines, including a suggested threshold for PVE related major complications of 6% and morbidity of 11%^[@b76]^. Most published complication rates fall well below this range^[@b77]^. A meta-analysis by Abulkhir et al.^[@b7]^ pooling 1,088 total subjects who underwent PVE found procedure-related morbidity and mortality to be 2.2% and 0%, respectively. In their analysis, percutaneous PVE was performed in the majority of cases (72%); the remainder performed via the transilecolic technique. There are similarly low complication rates for both RPVE and RPVE + 4.

PVE clinical considerations {#s6}
===========================

Indications and contraindications {#s6-1}
---------------------------------

PVE allows for safe, potentially curative hepatectomy in patients with anticipated small remnant livers previously considered ineligible for resection^[@b9],[@b11]-[@b15],[@b18],[@b39]^. Candidates for PVE include hepatic resection candidates with primary or metastatic liver disease, who have anticipated FLR that are too small for adequate function perioperatively. If too little liver remains after resection, immediate post-resection hepatic failure leads to multisystem organ failure and death. If a marginal volume of liver remains, cirrhotic or not, the lack of reserve often leads to a cascade of complications, prolonged hospital and intensive-care unit stays, and slow recovery or slowly progressive liver failure over weeks to months, with eventual death^[@b2],[@b3],[@b10]^.

Several factors are considered to determine clinical candidacy for PVE^[@b8]^. First, the presence or absence of underlying liver disease will have a major impact on the volume of liver remnant needed for adequate function. Normal liver has a greater regenerative capacity than a cirrhotic liver, functions more efficiently and tolerates injury better. Patients can survive resection of up to 90% of the liver in the absence of underlying liver disease, but survival after resection beyond 60% of the functional parenchyma in patients with cirrhosis is unlikely^[@b11]^. Second, patient size must be considered; larger patients require larger liver remnants than do smaller patients; hence normalization of the FLR to the sFLR in practice is needed^[@b10],[@b39]^. Third, the extent and complexity of the planned resection and the possibility that associated non-hepatic surgery will be performed at the time of liver resection (e.g., hepatectomy plus pancreatico-duodenectomy) must be considered. These three factors are considered in the setting of the patient's age and comorbidities (e.g., diabetes) that may affect hypertrophy. Thus, once the procedure type and extent of resection necessary to treat the patient have been determined, appropriate liver volumetry is performed so that the sFLR volume expressed as a percentage of the estimated TLV can be used to determine the need for PVE. Candidates for PVE include patients with primary or metastatic liver disease, who are otherwise hepatic resection candidates, except for the following: (a) normal underlying liver and a standardized FLR (sFLR) less than 20%^[@b11],[@b21],[@b78]^; (b) cirrhosis and/or advanced fibrosis and a sFLR less than 40%^[@b3],[@b79]^; (c) extensive chemotherapy and a sFLR less than 30%^[@b80]^.

PVE is an adjunctive procedure to major hepatectomy. Hence, contraindications to PVE mirror those of hepatectomy. Severe portal hypertension precluding surgery is the only absolute contraindication to PVE. Objective measures of severe portal hypertension include elevated hepatic venous pressure gradients \>12 mmHg, refractory ascites, and variceal bleeding. Also, in cases where tumor obstructs the portal system in the liver to be resected, PVE is not necessary as portal flow is already redirected to the FLR^[@b11],[@b52],[@b81]^. Two stage hepatectomy has expanded the patients with bilobar hepatic disease burden eligible for PVE and potential curative resection; however diffuse hepatic disease burden remains a contraindication to PVE. Relative contraindications include uncorrectable coagulopathy, renal failure and extrahepatic metastasis.

Outcomes {#s6-2}
--------

PVE is indicated with normal underlying liver and sFLR less than 20%. Multiple studies have demonstrated that hepatectomy in a setting of sFLR \< 20% is associated with increased postoperative complications^[@b11],[@b21],[@b78]^. Ribero et al.^[@b21]^ found that both sFLR less than 20% and degree of sFLR hypertrophy after PVE less than 5% predicted outcome after resection in a series of 112 patients ([**Figure 9**](#Figure9){ref-type="fig"}) . Kishi et al.^[@b78]^ found that patients with a preoperative sFLR \< 20% had significantly higher rates of postoperative liver insufficiency and death from liver failure compared with patients with sFLR \> 20% in a series of 301 patients who underwent hepatic resection (*P* \< 0.05). In addition, patients who underwent PVE before surgery to increase their sFLR from \< 20% to \> 20% had statistically equivalent rates of liver insufficiency as patients with sFLR \> 20% at baseline ([**Figure 10**](#Figure10){ref-type="fig"}). This study confirmed both the sFLR threshold of \< 20% being associated with increased perioperative complications and the beneficial role of PVE in reducing perioperative complication rates in those patients who hypertrophy their liver to a sFLR \> 20%.

![Presence of hepatic dysfunction by sFLR volume and degree of hypertrophy. Used with permission from Ref.[@b21].](cbm-13-4-426-9){#Figure9}

![Rates of hepatic insufficiency (A) and death (B) by preoperative sFLR volume. Modified with permission from Ref.[@b78].](cbm-13-4-426-10){#Figure10}

Liver regeneration occurs at a reduced rate and capacity in diseased livers, an observation directly correlated to clinical outcomes. Patients with cirrhosis with marginal liver remnants are at high risk for complications and mortality from liver failure^[@b3]^. As such, the recommended sFLR cutoff in the setting of cirrhosis is 40%; higher than the 20% sFLR cutoff recommended in the setting of normal underlying liver parenchyma^[@b9],[@b82],[@b83]^. In patients with chronic liver disease, hepatectomy outcomes, including the number and severity of complications and the incidence of postoperative liver failure and death, are better with PVE than without^[@b79],[@b84],[@b85]^.

Azoulay et al.^[@b84]^ reported on a series of cirrhotic patients who underwent PVE for sFLR \< 40% prior to extended hepactectomy. There was significant increase in the FLR volumes in all patients who underwent PVE that correlated with reduced incidence of liver failure and death without differences in disease-free survival rates. Tanaka et al.^[@b85]^ reported several benefits of PVE in a larger study of patients with HCC and cirrhosis. Disease-free survival rates were similar, but cumulative survival rates were significantly higher in the PVE group than in the non-PVE group. In addition, patients with recurrence following PVE plus resection were more often candidates for further treatments such as TAE. However, the complications of PVE are higher in patients with chronic liver disease than in those with an otherwise normal liver because of an increased risk of secondary portal vein thrombosis, presumably from slow flow in the portal vein trunk after PVE^[@b53],[@b86]^.

In patients with chronic liver disease such as chronic hepatitis, fibrosis or cirrhosis, the increase in nonembolized liver volumes after PVE varies (range, 28%--46%), and hypertrophy after PVE may take more than 4 weeks because of slower regeneration rates^[@b22],[@b87]^. The degree of parenchymal fibrosis is thought to limit regeneration, possibly as a result of reduced portal blood flow^[@b86]^. Hence, treatment strategies combining transarterial therapy with PVE are particularly useful in cirrhotic populations to maximize potential liver regeneration and prevent disease progression; as discussed in more detail below.

In conjunction with chemotherapy {#s6-3}
--------------------------------

PVE has been reported to accelerate tumor growth for both primary and metastatic liver tumors^[@b88]-[@b91]^. Progression of disease after PVE may preclude curative intent surgery; in two stage hepactectomy series 20% drop out rates due to progression of disease have been reported after first stage resection^[@b92],[@b93]^. Administration of neoadjuvant chemotherapy is helpful in lowering the rate of disease progression and does not interfere with liver regeneration; however concerns have been raised regarding its potential deleterious effects on liver function. Two separate series, one by Pawlik et al.^[@b94]^ and another by Vauthey et al.^[@b95]^ have demonstrated an association of oxaliplatin with sinusoidal dilation and irinotecan with steatohepatitis. In the series by Vauthey et al.^[@b95]^, the presence of steatohepatitis in patients who had undergone resection was correlated to increased 90-day mortality (14.7% *vs*. 1.6%; *P* = 0.001; OR = 10.5; 95% CI, 2.0 to 36.4).

When long term chemotherapy is administered (\> 12 weeks), a sFLR cutoff of \> 30% should be considered given the potential deleterious effects of chemotherapy on native liver function. Shindoh et al.^[@b80]^ performed a retrospective analysis of 194 patients with colorectal liver metastasis to determine the optimal FLR in patients treated with neoadjuvant chemotherapy. The authors found that both long duration of chemotherapy (defined as \> 12 weeks) and sFLR ≤ 30% were predictors of hepatic insufficiency (OR = 5.4, *P* = 0.004; OR = 6.3, *P* = 0.019, respectively) ([**Figure 11**](#Figure11){ref-type="fig"}). No cases of postoperative mortality and only two cases of postoperative hepatic insufficiency were reported if the sFLR \> 30%.

![Postoperative liver insufficiency and mortality from liver failure in patients who underwent extended right hepatectomy in the setting of colorectal metastases, stratified to those undergoing no chemotherapy, chemotherapy, or long duration (\> 12weeks) chemotherapy. sFLR \> 20% cut-off (A) and sFLR \> 30% cut-off (B) for resection eligibility. Used with permission from Ref.[@b80].](cbm-13-4-426-11){#Figure11}

The effect of systemic neoadjuvant chemotherapy on liver hypertrophy after PVE has been addressed by several studies, with varying results^[@b96]-[@b99]^. Zorzi et al.^[@b98]^ reviewed FLR hypertrophy after PVE in patients with colorectal liver metastases who underwent PVE either with (*n* = 43) or without neoadjuvant chemotherapy (*n* = 22) prior to resection. The chemotherapy group, demonstrated similar rates of hypertrophy when compared to the no chemotherapy group at 4 weeks after PVE. Similarly, Covey et al.^[@b96]^ also reported on patients with colorectal liver metastases who underwent PVE either with (*n* = 47) or without (*n* = 53) neoadjuvant chemotherapy with no significant difference in median contralateral liver growth after PVE. However, Aussilhou et al.^[@b99]^ demonstrated decreased liver hypertrophy rates after portal vein occlusion in patients who received both bevacizumab in addition to FOLFOX or FOLFIRI as compared to FOLFOX/FOLFIRI alone.

Several studies have examined the effect of chemotherapy on disease progression after PVE prior to hepatectomy^[@b100]-[@b103]^. Spelt et al.^[@b103]^ found that the rate of tumor progression in patients who underwent PVE was low when concomitant chemotherapy was administered, and was associated with keeping the interval between completion of chemotherapy and PVE short. Fischer et al.^[@b100]^ reported on a series of 64 consecutive patients who underwent PVE stratified into two groups: those that received chemotherapy (*n* = 25) and those that did not (*n* = 39), in anticipation of extended right hepatic resection. Though there was no statistical difference between the proportion of patients who ultimately underwent hepatic resection between the two groups, the chemotherapy group had statistically lower rate of progression by RECIST criteria (18.9% *vs*. 34.2%; *P* = 0.03). Of greater importance, the chemotherapy group demonstrated a clear survival benefit as compared to the no chemotherapy group (49% *vs*. 24% of 5-year survival; *P* = 0.006) in both the surgical resection and non-surgical cohorts.

In combination with TAE {#s6-4}
-----------------------

PVE can be combined with other interventional radiology techniques such as TAE ([**Figure 12**](#Figure12){ref-type="fig"}) in patients who are not anticipated to have sufficient hypertrophy after PVE alone^[@b68],[@b104]^. The mechanism of TAE is complementary as a component of inflammation and necrosis is added to the apoptosis mediated cell death induced by PVE to stimulate liver hypertrophy. Nagino et al.^[@b68]^ first described the use of TAE to improve FLR volume in two patients with cholangiocarcinoma who demonstrated inadequate hypertrophy following PVE^[@b104]^. In both patients, PVE in the setting of underlying liver disease led to negligible hypertrophy of the FLR. After interval TAE, the FLR volume demonstrated adequate increase, and both patients under-went successful curative resection. A second report by Gruttadauria et al.^[@b104]^ demonstrated similar results: two patients with inadequate hypertrophy after PVE demon-strated improved hypertrophy after subsequent TAE allowing for subsequent successful hepatectomy.

![A 55-year-old man with hepatitis C cirrhosis complicated by a 12 cm hepatocellular carcinoma replacing the entire right liver who underwent sequential TAE followed 1 month later by RPVE prior to a right hepatectomy. (A) Contrast enhanced axial image of the liver demonstrated a 12 cm enhancing mass replacing the right liver and normal appearing of left lateral liver prior to embolization and PVE. (B) Intraprocedural digital subtraction selective angiography demonstrates hypervascular tumor with successful particle embolization. (C) Anteroposterior flush portogram obtained through a 5-F flush catheter within the main portal vein via ipsilateral approach demonstrates patent conventional portal anatomy. (D) Intraprocedural fluoroscopic image from PVE depicts complete occlusion of all branches to right portal vein. (E) Final portogram shows occlusion of the portal vein branches to segments 4--8 with continued patency of the veins supplying the left lateral liver. (F) A single image from post-PVE contrast-enhanced CT scan demonstrates profound necrosis of the tumor (white arrow) and massive hypertrophy of the left lateral liver. The patient underwent uncomplicated right hepatectomy.](cbm-13-4-426-12){#Figure12}

Since the original reports, TAE is more commonly performed as a staged procedure prior to PVE. Care must be taken to reduce the risk of hepatic infarction including staging the procedures at least 2 to 3 weeks apart. Embolization should not be carried out to complete stasis and use of non-particulate embolic agents such as chemoembolization should be favoured over particulate agents. Following embolization, the interventional radiologist should confirm patency of the hepatic artery supplying the targeted liver segment, in order to avoid occlusion of arterial and portal hepatopetal flow and the potential of parenchymal necrosis.

TAE followed by PVE has been advocated for in the setting of cirrhosis complicated by HCC. In this patient population, the rationale for performing TAE prior to PVE includes prevention of tumor progression after PVE, reduction of arterioportal shunts that may limit the effectiveness of the subsequent PVE, and boosting the regenerative stimulus in chronically diseased livers^[@b105],[@b106]^. Using this regimen, Aoki et al.^[@b105]^ demonstrated increased profound tumor necrosis without substantial injury to the noncancerous liver in patients with large HCC and chronically injured livers. Similarly, Ogata et al.^[@b106]^ found increased incidence of complete tumor necrosis (83% *vs*. 6%; *P* \< 0.001) and increased 5-year disease-free survival rate (37% *vs*. 19%; *P* = 0.041) in patients who underwent TACE and PVE as compared to PVE alone.

Areas of future study {#s7}
=====================

Augmenting PVE with additional agents can potentially further promote hypertrophy and postoperative liver function. am Esch et al.^[@b107]^ investigated the treatment of patients with both PVE and bone marrow-derived stem cells (PVE + SC; *n* = 11) as compared to patients undergoing PVE alone (PVE; *n* = 11) in a series of extended right hepatectomy patients. They demonstrated mean hepatic growth of segments 2 and 3 to be significantly higher in the PVE + SC as compared to the PVE groups (138.7 mL ± 66.3 mL *vs*. 63.0 mL ± 40.0 mL; *P* = 0.004) after a waiting period of only 14 days. In their investigation, PVE was performed using a surgical transileocolic approach; a subsequent animal (porcine model) study by Avritscher et al.^[@b108]^ demonstrated the ability to administer mesenchymal stem cells using percutaneous endovascular approaches. Using an alternative method of PVE augmentation, Beppu et al.^[@b109]^ prospectively evaluated the effect of adding branched amino acids to patients' diets on functional liver regeneration following PVE. Branched chain amino acid diet supplementation was concluded to improve functional liver regeneration in patients undergoing PVE followed by major resection, as evidenced by ultimately increased liver serum albumin scintigraphy values 6 months after resection (266.7% *vs*. 77.6%; *P* = 0.04). Overall, augmentation of PVE using various physiologic aspects of liver regeneration is a promising area of future research, and may improve upon the already well established efficacy of PVE.

Conclusions {#s8}
===========

PVE is well established as an invaluable adjunctive procedure to increase candidacy for and the safety of major hepatic resections. Numerous studies have validated PVE's clinical utility in surgical hepatic resection candidates with limited anticipated FLRs. PVE is incorporated into standard of care paradigms due to its low associated complication rates in combination with its efficacy in promoting hypertrophy of the FLR that is directly correlated with improved surgical outcomes. Increased data regarding appropriate usage of PVE in complex multidisciplinary treatment plans exists. Information improving upon correlates of functional assessment of the FLR as compared to volumetry alone, appropriate FLR cutoffs in diseased livers, the combination of TAE with PVE, and how to best incorporate chemotherapy with PVE have all been reported. Exciting areas of future research include augmenting the regenerative potential of PVE with stem cells or medications. PVE remains an important aspect of oncologic care; in large part due to the substantial foundation of information available demonstrating its clear clinical benefit for hepatic resection candidates with small anticipated FLRs.
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